After the Second World War, dumping in lakes was a rational way to solve the security problem with the extensive amount of unreliable or unused ageing ammunition. Most commonly the ammunition was dumped in sealed boxes or as pieces. In some cases the ammunition was deliberately detonated when dumped. In Lake Lomtjärn, a small lake in central Sweden, extremely high levels of mercury (300 mg/kg dry weight Hg) were detected in the sediments. The mercury was expected to originate from years of dumping followed by an underwater self-explosion of ignition capsule containing mercury. The lake is unique in the sense that the mercury levels are among the highest found so far in Sweden and that no other source of pollutant is present in the area. The aim of this study was to evaluate the environmental impact from the underwater explosion. Samples of sediment, bottom water, surface water, bottom fauna, littoral fauna and fi sh (muscle and liver) were analysed for metals as well as physical parameters in order to investigate effects on biota. Acute toxicity of bottom water was determined by Daphnia magna. Results showed very high mercury content (2-338 mg/kg dry weight) in sediment down to 15 cm depth evenly distributed over the whole lake and low levels for other heavy metals (As, Cd, Cu, Pb and Zn). Water showed low levels of mercury (0.02 µg/L in bottom and surface water) as for the other heavy metals (As, Cd, Cu, Pb and Zn). Disturbance of bottom fauna was found for BQI index and O/C index. Disturbance in littoral fauna was seen around the lake (low taxa in six families, ASPT index 5.4. Danish fauna index 4 and acidity index 2). Acute toxicity (Daphnia magna) was high. Levels of mercury in perch were high (muscle 0.6-3.59 mg/kg and liver 1.05-7.64 mg/kg). It was concluded that the underwater detonation of ammunition in Lake Lomtjärn has caused very high levels of mercury in the sediment and a high impact on the ecological chain. In risk assessments aiming to remediation decisions it is recommended early to highlight expected ecological pathways of (mercury) and relevant biomarkers in the ecosystem of concern.
INTRODUCTION
After Second World War several amounts of ammunition were dumped in about 100 lakes in Sweden [1] . The reason was to make a safe disposal of ageing ammunition which, if left in store, might selfexplode. Dumping of ammunition has also been a legal disposal method until 1970 for the ammunition industry, resulting in additional lakes with large ammunition content. Some of the lakes were also used for underwater destruction of detonators. Possible need for remediation of the Swedish lakes has caused a discussion on safety and costs if collecting the dumped ammunition in opposite to the impact if leaving the ammunition in the lakes. This set focus on the issue of possible long term leaching from dumped ammunition to sediment, water and biota. In this case the mercury impact on lake sediment and biota has been given a special attention.
Metal impact, especially of lead, on lake sediment and biota have been investigated by Förstner et al. [2] , Davis et al. [3] , Riba et al. [4] , Bäckström [5] as well as environmental impact from dumped ammunition by Sjöström et al. [6] , Voie [7] , U.S. Geological Survey [8] and underwater detonations Liljedahl et al. [9] , Karlsson et al. [10] have been discussed in different studies. However, none of these studies could be used to predict the future effects of leaching of mercury from ammunition.
The literature about mercury in lake sediment, as reviewed by Rasmussen [11] and Richardson [12] indicates that mercury (Hg) can migrate in a variety of inorganic and organic species. In the reducing environment of deep lake sediments, it is feasible that Hg may be remobilized as organo-Hg 2+ complexes, Hg 2+ -organosulphide complexes, and as dissolved or vapour phase. Redox conditions and the stability of organo-Hg complexes are important infl uences on the mobility of Hg that should be considered in the interpretation of surface enrichment. Iron and manganese oxides and hydroxide precipitate are stable in surface sediments due to the higher Eh of surface sediments relative to deep sediments. Enrichment of iron and manganese near the sediment-water interface is likely to be accompanied by a decrease in Hg mobility, due to the tendency of Hg and Hg-bound organic complexes to adsorb onto oxide and hydroxide surfaces. Also, the microbiological breakdown of organic material during digenesis appears to be accompanied by a reduction in the integrity of the organo-Hg association with depth which indicates that Hg can migrate in a variety of inorganic and organic species.
The toxicity of mercury in aquatic organisms is infl uenced by the chemical speciation of mercury, the exposure related properties and the sensitivity or tolerance of the organism [13] [14] [15] . Inorganic mercury is less acute toxic to aquatic organisms than methyl mercury, but the range in sensitivity between species for either compound is large. These studies show that the toxicity is greater at elevated temperatures, lower oxygen content, reduced salinities in marine environments and in the presence of metals such as zinc and lead.
In general, toxic effects occur because mercury binds to sulfhydryl groups in proteins, alters protein function, reduces protein synthesis, producing non-specifi c cell injury and in severe cases cell death. Toxicological effects include reproductive impairment, growth inhibition, developmental abnormalities and altered behavioural responses. Reproductive endpoints are generally more sensitive than growth or survival, with embryos and the early developmental stages the most sensitive. Exposure of animals to low concentrations of mercury may not result in mortality directly, but may retard growth thereby increasing the risk of predation [16, 17] .
A negative impact of a contaminant in sediment or water can only occur if the contaminant exceeds a certain concentration, if there is an object at risk, and if there is an exposure pathway between the contaminant and the object. In other words, the mere occurrence of a contaminant does not automatically imply a risk for impact. This general principle for mercury is illustrated in Figure 1 .
In order to increase the knowledge regarding possible future ecological impact from destruction of ammunition, it has been of interest to fi nd a lake with well-defi ned natural boundaries, where the sediments are polluted from mercury, and where no other source of pollution can be expected. A study of such a well-defi ned lake might contribute with information on its present ecological status as well as with information on possible expected long term ecological effects from underwater destruction.
Aim the objective of the study was to evaluate the environmental impact from underwater dumping and explosion of ammunition, containing mercury in a natural wetland (mire) lake, with a special focus on geochemical conditions and ecological effects. It was expected that the ammunition contained mercury fulminate in the detonators.
EXPERIMENTAL, MATERIAL AND METHODS

Limitations
Limitation in sampling occasions in the Lake Lomtjärn study has been inevitable due to safety restrictions and ongoing activities at the shooting fi eld.
Lake Lomtjärn characterization
Lake Lomtjärn is a small, natural wetland lake (mire) located at a shooting fi eld in the central part of Sweden. The shooting fi eld is located on a water dividing zone (200 m above sea level) with discharge in three directions. The lake area is about 0.005 km 2 , average depth is 4-5 m and the catchment area is approx. 0.3 km 2 . The water retention time of the lake is estimated to be fi ve months. Oxygen level decreases from 6 ppm in surface water to 2 ppm in the bottom water. The pH is close to 6 (6.1 in surface water and 5.9 close to the bottom), and the concentration of sulphate ranges from 5.5 ppm (surface) to 4.2 ppm (bottom). Alkalinity in the lake ranges from 0.6 meq/L (surface) to 0.3 meq/L (bottom) and total organic carbon (TOC) from 7 ppm (surface) to 11 ppm (bottom). Upper sediment (0-5 cm) has an organic content of 48% (dry weight of 70%). Underlying sediment (20-25 cm) has an organic content of 43% (dry weight 58%) [19] .
The lake has neither well-defi ned outlet nor inlet. Water arrives and leaves the lake diffusely from surrounding wetland. No nearby located lake could be chosen as Reference Lake in order to compare the geochemical and ecological status of natural water, since all water in the area had been more or less affected by varying dumping and/or shooting activities. For this reason, natural background reference levels and conditions have been compared with data from studies of wetland lakes in central, Sweden Swedish Environmental Protection Agency (SEPA) [20] . For specifi c geochemical background of pollution impact from the day-to-day activities, comparison has been made with nine nearby lakes within the shooting fi eld [19] .
Reference lake
A reference lake was chosen in the area, Lake Ormtjärn. Both lakes are located within the shooting fi eld and can be expected to have the same background impact from the daily ongoing activities. Lake Ormtjärn is about 0.01 km 2 , has a depth of 4 m, having no well-defi ned inlet nor outlet and a retention time of 5 months. The lake is described in more detail in Liljedahl et al. [9] . 
Pollution profi le
Regularly dumping of ammunition has occurred in the lake between 1950 and 1980. The ammunition was dumped as pieces or packed in bags that were sunk in the lake. There are no records about the amount of ammunition that has been dumped. A self-induced underwater explosion in the Lake Lomtjärn occurred in the 1980. Ammunition was expected to include old types of detonators containing mercury fulminate. More modern types of detonators, however, contain lead instead of mercury [9] . No other pollution source is known for the lake. A minor background impact might be expected from the day-to-day shooting at the fi eld [21] . The geological geochemistry in the area does not imply naturally increased levels of metals in sediment according to the Swedish Geological Survey [22] .
Impact scheme, geochemical conditions and ecological effects
There are several methods for risk assessment within the framework of remediation, where consideration is given to the balance between type of pollutant, the risk of leaching, the sensitivity of surrounding environments and the amount of pollutants, Swedish Environmental Protection Agency [23]. To facilitate the comparison of chemical impact (mercury content) and ecological impact, a simple scheme moderated from different Swedish EPA regulations has been developed within the study.
Sampling
A total of twelve sediment samples were taken during three occasions in May 1999 (S25; 0-5 cm and S26: 20-25 cm) [13] (LOM1-LOM10; 0-5 cm and 10-15 cm respectively) [24] and August 1998 (LOM11; 0-25 cm and 25-50 cm). All of the sediment from the water-sediment interface down to mineralized layers was included. The sediment cores were split into 5 cm layers onsite, and the samples were stored in plastic boxes at +4°C and kept in dark until analysed. Water samples were taken at three occasions; March 2000 (W1 at 0.5 m depth) [24] , May 2001 (W2 at 4 m depth) and September 2001 (W3 at 0.5 m depth). Samples were taken using a Ruthner collector from surface and bottom water. Water samples were stored in 0.5 L acid rinsed plastic bottles (for metals) and in glass bottles (for completing analysis) respectively, and stored at +4°C and kept in dark until analysed. The pH was measured on site using a fi eld pH metre, Check Mate 90 (Metler Toledo).
Bottom fauna were collected at two sites, 10 samples from each, with an Ekman Bottom Grab Sampler. Samples were sieved from coarse material and placed in plastic boxes fi lled with 98% ethanol, turned over and stored in dark at +4°C until analysed. Littoral fauna were collected along a spatial 20 m profi le by 'long side' and 'short end' of the Lake Lomtjärn using the method M42, Swedish Environmental Protection Agency [20] . Samples were collected 3 × 5 times by butterfl y net in surface water, air above surface water and at water shore. Samples were collected in plastic boxes fi lled with 98% ethanol, turned over and stored in dark at +4°C until analysed.
Fish were sampled by netting. Net meshes were approx. 3 cm. and approximately 70 fi sh (perch) were caught from different sites of the lake Lomtjärn (Fig.2 ). Eleven of these were chosen randomly for analysis. Reference netting in one nearby lake resulted in perch from Ormtjärn (n = 4). All fi sh were frozen and transported to laboratory.
Analysis
Sediments were analysed for metals according to EPA methods 200.7 and 200.8 (modifi ed). Metals in water were analysed by a Plasma-mass spectrometre (Sektor) ICP-SFMS. Explosives in sediment and water were analysed through HPLC and GC/MS according to Sjöström et al. [19] .
Bottom fauna was analysed by abundance and taxa. Additional analyses were made for BQI index indicating nutrient and/or organic content in bottom water and for O/C index indicating oxygen saturation in the bottom of the lake. Littoral fauna was analysed for Taxa, ASPT index, Danish fauna index and Acidity index, Swedish Environmental Protection Agency [20] .
Fish was analysed for age, gender, mercury (liver and muscle) and metal content (muscle) using an ICP-SMS by SGAB Analytica, Luleå, Sweden.
Acute water toxicity was assessed using Daphnia magna. The experiment was performed as a static acute toxicity test, following the procedure described in SS028180 (ISO 6341-1982: Water quality Determination of the inhibition of the mobility of Daphnia magna Straus (Cladocera, Crustacea)). Five animals, neonates <24 h old, were added to 30 ml test solution in a 50 ml glass beaker. The exposure time was maximized to 48 h. Water temperature, pH, conductivity and dissolved oxygen were measured at the start and at the end of the test in controls and in the highest and lowest test concentrations. The number of immobilized animals was checked 24 and 48 hrs after test start. The water fl eas were considered as immobilized when their appendages or the body failed to move upon prodding. The water fl eas were cultured in 500 ml beakers fi lled with 300 ml reconstituted hard water prepared in untreated tap water according to Klüttgen [25] . The animals were fed daily with algae, Selenastrum capricornutum (approx. 10 6 cells/ml). The water hardness was about 275 mg CaCO 3 /l and the pH was between 7.9 and 8.2. The temperature was kept at 22 ± 1°C and the photoperiod was 16 h light and 8 h dark.
The test solution was prepared by diluting the water sample with the daphnia culture water. The test concentrations were prepared by serial consecutive diluting of the water sample giving a series with a diluting factor of study 1.5. Values for EC 50 (probit analysis, SPSS software) were calculated for the 24 and 48 hours of exposure.
A coarse scheme has been developed summarizing the impact from underwater destruction of detonators. The impact level has been moderated from and related to Swedish regulations and recommendations approved by Swedish Environmental Protection Agency (SEPA) for water [20, 26, 27] , sediment SEPA [23] bottom fauna and littoral fauna SEPA [28] and fi sh SEPA [29] and EU [30] including linking to normally occurring follow up activity ('trigger for remediation/ monitoring or other').
For the toxicological analysis, impact levels have been compared according to a procedure presented by Deventer and Zipperle (2004) [31] . The eluate is classifi ed as toxic when it must be diluted 10 to 100 times before no toxic effect is observed in the used test systems. The level of dilution (<10, 10-100, >100 times) is than taken into consideration in the future treatment of the eluate [31] .
Based on the recommendations mentioned above, fi ve levels of impact were chosen for summarizing the observed effects:
Very low level little or none impact or background levelno action 2. Low level slight impact or near background levelno action 3. Medium level signifi cant impactnormally not causing action 4. High level large impactaction if supported by other risk factors 5. Very high level, very large impactnormally causing action
RESULTS
Sediment and water
Sediment samples showed a very high content of mercury in all parts of Lake Lomtjärn (Table 2a) . Mercury content was highest at level 0-5 cm (338-9 mg/kg dry weight) with a slight decrease at level 10-15 cm (276-2 mg/kg dry weight). This can be compared with SEPA limit for very high content of mercury in sediment (>5 mg/kg dry weight, Table 2b ). The sample below 25 cm depth had mercury content (<0.5 mg/kg dry weight) close to background. The methyl mercury in the samples varied between 0.11 and 1.04 mg/kg dry weight. All other compounds analysed showed levels below or close to background for the area. No explosives or explosive degradation products were found in the sediments.
Bottom water sample showed a mercury content of 0.02 µg/L. Other analysed metals showed low to moderate levels. No explosives or degradation products were detected in the bottom water (Table 2c) . Physical and nutrient conditions of the lake showed pH at 5.1 and conductivity of 0.1-0.2 mS/m. This represents the natural conditions of a typical Swedish forest lake located in a mire area (Table 2d ). T a x a T a x a Littoral fauna showed a total of six taxa in six families (Bivalvia, Crustacea, Ephemeroptera, Odonata, Trichoptera and Diptera). Number of taxa and abundance indicate the disturbed ecological conditions in the lake SEPA [28] . ASPT index was 5.4, Danish fauna index 4 and Acidity index 2 ( Table 4 ).
Fish
The results of the fi sh analysis from Lake Lomtjärn (Fish 1-Fish11) and the reference lake (Fish 12-Fish 16) can be seen in Table 5 . The table also shows the mercury levels from the sediment and bottom water in respective lake.
The levels of mercury in fi sh from Lake Lomtjärn was in the range of 0.6-3.6 mg/kg ww in muscle, compared with the levels of mercury in fi sh in the reference lake, 0.4-0.6 mg/kg ww in muscle. All samples from fi sh in Lake Lomtjärn exceeded the Swedish Environmental Protection Agency human-health criterion of 0.5 mg/kg wet weight of tissue.
Toxicity
The bottom water of Lake Lomtjärn showed toxic effect in juvenile Daphnia magna. The number of immobilized/total animals was 8 of 16 exposed juveniles after 24 hours and 10 of 16 after 48 hours in undiluted sample of bottom water. The mortality in the control was below 10%.
DISCUSSION
Very high levels of mercury (2-340 mg/kg dry weight) were found in the upper 0-15 cm sediment of Lake Lomtjärn. Besides the mercury fulminate in the dumped ammunition (detonators), no other source for elevated levels of mercury was present, and the underwater detonation of detonators could be established as the direct cause of the high mercury pollution in the lake. The mercury concentration in the muscle tissue from perch in Lake Lomtjärn was 0.62-7.64 mg kg/kg ww. According to regulations in the European Community [29] , the mercury concentration in fi sh for consumption shall not exceed 0.5 mg/kg muscle ww. Swedish EPA has a monitoring program for 26 lakes, analysing mercury content in one-year old perch (muscle). Ten perches were captured from each lake, usually with a weight of 50-100 g [29] . The mercury levels in perch (muscle) in the monitoring program vary between 0.2 and 0.4 mg/kg ww. A comparison with this data shows that the perch in Lake Lomtjärn all exceed these values. The weight of the perches captured in Lake Lomtjärn (55-166 g) was in the same range of weight as the monitoring perches, but the ages for the perches in Lake Lomtjärn varying between 4 and 11 years. In Sweden it's not unusual that small lakes with limited nutrient conditions result in a large population of small perches with a limited growth rate.
The concentration of mercury in muscle and liver tissue in lake Lomtjärn was in the magnitude of, or higher than, the concentrations found in fi sh barbel (Barbus graellsii) and bleak (Alburnus alburnus), taken downstream a mercury cell, chlor-alkali factory at the Cinca River in Spain [32] . As comparison, fi sh taken upstream that factory showed mercury levels around 0.14 and 0.069 mg/kg ww in muscle and liver respectively, which can be expected in fi sh taken from unpolluted water. For Swedish conditions, Byrsten and Sandberg [33] showed that mercury concentration in muscle tissue from perch cached in non-polluted water in Sweden was less than 0.0711 mg/kg ww.
The bioconcentration of a pollutant as mercury in biota is dependent on environmental properties as movement of water, oxygen concentration, pH, etc. In Cinca River below the factory the mercury concentration in the sediment was 0.25-0.400 mg/kg dry weight, which was 20-200 times lower than the concentrations found in the sediment from Lake Lomtjärn. The body burden of mercury in fi sh in Lake Lomtjärn was although at the same level as in fi sh from River Cinca. The bioavailability of mercury infl uences the accumulation of the poison. In Lake Lomtjärn the water is stagnant which facilitates formation of water-insoluble and non-bioavailable complexes and compounds of mercury compared with the situation in River Cinca. Ten of eleven of the analysed fi sh were females ( Table 5 ). The expected ratio between male and female fi sh would be 5/6 or vice versa. Since mercury is known to affect sex ratio in other species of vertebrates, [34] [35] [36] [37] , the hypothesis may be advanced that fi sh sex ratio may be affected by mercury exposure. Assuming that the proportion between male and female fi sh is affected by the presence of mercury compounds in the water and prey, the impact on fi sh is at a high level. A study is planned to be conducted with the aim to verify present observations on mercury exposure and fi sh sex diversity in Lake Lomtjärn.
The water fl ea was signifi cantly affected by the undiluted water from the lake. This indicates a very high level of impact on a representative for littoral micro fauna. Undiluted water immobilized 62% of the animals after 48 hours. The concentration of mercury in the water was 0.012-0.024 µg/L. The colour of the water indicates the presence of humus and the pH was 5.8. Published data on the acute toxicity of inorganic mercury (Hg 2+ ) in water fl eas are 0.0016 to 0.0052 mg/L [38] . These values are 100-200 times higher than the mercury concentration found in the lake. Known factors as low pH and the heavy metals found in the water (Table 2b ) may in combination with unknown factors interact and cause the observed 62% immobilization of the water fl eas that were exposed to the water from Lake Lomtjärn.
The bottom and littoral fauna were almost comparable to typical Swedish oligotrophic lakes displaying a few dominating species at high counts, for example Chaoborus, Tanytarsus (Table 3 , sample 1, 2, 3). However, the low Acidity index, the tendency of lower than the expected number of taxa and individual counts (Table 3 ) of certain species, motivates the classifi cation of the littoral fauna as of 'low ecological status'. The ecological impact may be vague, but interestingly species of Chaoborus is known to accumulate mercury from sediment in experimental studies [39] . The hypothesis may be advanced that this possibly constitutes an important path of exposure to fi sh in the lake Lomtjärn.
The impact from the underwater explosion of ammunition (detonators) in the Swedish natural mire lake is summarized in a coarse impact scheme ( Table 6 ). The scheme may be used to facilitate the discussion of environmental impact from underwater detonated ammunition, remediation needs and prediction of future impacts. 
CONCLUSIONS
No remediation is recommended for Lake Lomtjärn at present. A stop for fi sh consumption from the lake and the introduction of a monitoring program is proposed. For the long-term assessment of impact in Lake Lomtjärn and from similar typical Swedish forest lake pH, nutrient conditions and oxygen saturation have been identifi ed as possible key 'triggers' in an ecological chain of impact. Considering the high potential of pollution from the sediment and the regional naturally acidic conditions, monitoring of the conditions and pH, will be of key importance for a regularly update regarding any future need for remediation of the lake. Also, if remediation is considered, the hazard of remaining unexploded ordnance and its possible effect on human health and lake ecology must be addressed.
